Rapidly reannealing DNA, containing repeated base sequences, was shown to be present in the genomes of four Rhizobium bacteriophages by studies of renaturation kinetics. Estimations of the mol. wt. of the DNA by measurement of kinetic complexity gave values of I "3 × IoS for phage c, 1.6 × lO 8 for phage I, 9"4 × lO7 for phage e and 8.2 × io 7 for phage a. Comparison of the phage DNAs by annealing studies confirmed the classification of the phages into two groups.
INTRODUCTION
The four Rhizobium bacteriophages used in this study have been characterized by electron microscopy (Atkins, I973a) and used to study mutation to phage resistance in the host (Atkins & Hayes, 1972) . In addition, a set of temperature-sensitive mutants has been isolated for one of the phages (phage c, Atkins, 1973 b) . All four phages are active against Rhizobium trifolii WI 9, and are particularly suitable for study, as they form large, clear plaques and grow to high titre in liquid culture. They fall into two structural groups as determined by electron microscopy and antiserum inactivation; phages c and I being in group I and phages a and e in group 2 (Atkins, I973a) .
Studies of DNA homology have proved a useful method of exploring relationships among viruses (Cowie, Avery & Champe, 1971 ; Kelly & Avery, i974) . We report here the results of such a study carried out on the DNAs of the four rhizobiophages.
METHODS

Materials. Phages c, I
, a and e, and Rhizobium trifolii strain wI 9 were grown as described previously (Atkins, I973a ) . Coliphage T4B was grown as described by Cowie et al. (197I) .
[a2P]-labelled H3PO~ was obtained from the Radiochemical Centre, Amersham, Bucks. Hydroxyapatite was obtained as BIO-GEL HT from Bio-Rad Laboratories, California.
Preparation of DNA. Exponentially growing cultures of wI9 bacteria containing 5 × lOS cells/ml in 2 1 of growth medium were infected with phage to give a multiplicity of IO, and the cultures aerated at 29 °C. Eight hours later, lysis was complete and bacterial debris was removed by low-speed sedimentation (8000 g for 30 rain). The phage were concentrated by spinning at 8oooo g for 2 h, before being resuspended in standard saline citrate (SSC = o-15 M-NaC1, o.o 15 M-trisodium citrate). Further cycles of low and high-speed sedimentation were found to greatly reduce the yield of DNA, possibly due to fragility of the phage heads (Atkins, I973a) . DNA was extracted from the phage suspensions, as described by Cowie et al. (197I) .
To prepare radioactively labelled DNA, 2 litre cultures of exponentially growing wt 9 bacteria (5 × Io8 cells/ml) were centrifuged at 8o00 g for 30 min and the bacteria resuspended in growth medium lacking yeast extract and added phosphate. One mCi of [32P]-HaPO ~ was added, and the culture aerated at 29 °C for 30 rain. Infection and DNA extraction were then carried out as described above. Labelled, double-stranded DNA was purified by binding and elution from a hydroxyapatite column as described below.
For determinations of buoyant density and melting temperature, native DNA was used. For hybridization and renaturation studies, the DNA was sheared by extrusion through a small orifice in a French pressure cell (Aminco Limited) at 20 ooo lb/in 2.
Melting temperatures. The E2~0 of DNA samples in SSC was followed in a Unicam SPsoo spectrophotometer fitted with an electrically heated cuvette holder. Temperature was measured by means of thermocouples situated inside the cuvettes containing the DNA. The extinction of DNA samples was read at I rain intervals while the temperature was increased at about I °C/min. The melting temperature (Tin) is defined as the temperature at which the hyperchromicity was half the maximum observed. The mole fraction of guanine plus cytosine in the DNA (GC) was calculated from the formula of Marmur & Doty (I962):
Analytical ultracentrifugation. Buoyant densities of DNA in caesium chloride gradients were determined using a Beckman Model E analytical ultracentrifuge, as described by Kelly & Avery 0974). The theoretical mole fraction of guanine plus cytosine (GC) in the DNA was calculated from the formula of Schildkraut, Marmur & Doty (I962)
where a is the buoyant density (g/ml) in caesium chloride.
Hybridization of DNA. This procedure was based on that described by Cowie et al. (I97I).
Hybridization was carried out in o'I4 M-phosphate buffer (PB). A mixture of fragmented labelled and unlabelled DNA was boiled for Io rain in a closed tube immediately before incubation at 60 °C. At the end of the incubation period, the reaction mixture was either chromatographed immediately, or rapidly frozen and stored at -2o °C.
The extent of reannealing of a DNA preparation, assuming the DNA contains no repeated sequences, can be calculated from the formula of Britten & Kohne (t966) :
where c = concentration of unpaired DNA strands (mol nucleotides/litre), Co = total concentration of DNA (mol nucleotides/litre), K = reaction rate constant, Cot = concentration of DNA × time (mol-s/litre). The concentration of unlabelled DNA was such that more than 95 ~ of it would form hybrids either with itself, or with the labelled DNA during the period of incubation. The concentration of labelled DNA was such that less than 5 ~ would react with itself, assuming unique base sequences. The extent of self-reaction of the labelled DNA alone was determined for each hybridization.
The reaction mixture was chromatographed on a hydroxyapatite column to determine the extent of reaction. Two grams of hydroxyapatite were suspended in 5 ml of o'~4 M-PB, boiled for Io min, and packed into a ~ cm diam. water-jacketed glass column, held at 60 °C. The hydroxyapatite was washed with 20 ml of o'~4 M-PB before use. The DNA sample, made up to 5 ml with o't4 M-PB, was loaded on to the column. Five 5 ml fractions of o'14 M-PB, followed by five 5 ml fractions ofo'4 M-PB, were then passed through the column. Single-stranded DNA passed through the column in the oq4 M-PB, while double-stranded DNA was bound. The o.4 M-PB then eluted the double-stranded DNA. The proportion of labelled single-and double-stranded DNA in the reaction mixture was determined by counting the radioactivity in successive column fractions. Samples were assayed directly for [3~p] by the Cerenkov method in a Packard scintillation counter. All hybridizations were performed in duplicate, the quoted figure being the average.
Renaturation of DNA. Samples of fragmented DNA in SSC were boiled for IO min in a closed tube and rapidly transferred to a Gilford 240 spectrophotometer fitted with a heated cuvette holder and external recorder. The renaturation was then followed for a period oft6 h.
The mol. wt. of DNA preparations can be derived from renaturation kinetics. Genomes containing no repeated sequences reanneal with kinetics approaching those of an ideal second order reaction (Britten & Kohne, 1968) . If the proportion of DNA reannealed is plotted as a function of Co t, a value can be obtained for the Co t at which reannealing is 5o ~ complete. The Co t at this point is termed the ½C0 t, and a linear relationship exists between 1C 0 t and mol. wt. (Britten & Kohne, I968) .
The presence of repeated sequences in DNA and the proportion of the DNA containing repeated sequences can be derived from the Co t plot by the method of Britten & Kohne (1968) . Another, more sensitive, method of detecting repeated sequences is by expressing the reciprocal of reannealing as a function of time. The plot obtained is described by the relationship I 
RESULTS
Estimation of GC
The GC mole fractions obtained for the four rhizobiophage DNAs are shown in Table I . Estimations were made from measurements of both melting temperature and buoyant density in caesium chloride. With all four phages there was a discrepancy between the values obtained by these two methods. Phages c and I have a higher GC as determined by caesium chloride density sedimentation, whereas a and e show a higher value by determination of melting temperature. This suggests that the discrepancy observed is not due to technical difficulties with one of the methods, but rather to the presence of unusual bases in the phage DNAs. If this is so, the DNAs of phages a and e must differ in their complement of unusual bases from the DNAs of phages c and I. The actual values of buoyant densities and melting temperatures obtained show that phages a and e on the on e hand, and c and I on the other, are most similar to each other. 78"4 I'9 0'3 6"z I 4"5 76"5 96-2 2.6 I-9 6'4 a I8-4 I7"I I8'I 98"I 53"8 I6'3 e 22'6 I6"3 18-5 74"3 98"5 I5"6 * Under conditions calculated to give less than 5 ~ self-reaction, assuming no repeated sequences. The theoretical percentage of self-reaction (calculated from ½Cot) has been subtracted. Table 2 shows the percentage of annealing of labelled DNA obtained alone or in the presence of various cold DNAs. The percentage of self-reaction for labelled phage a and e DNA was much higher than expected. This can be explained on the basis of repeated base sequences in these phage DNAs. The percentage of rapidly reannealing DNA can be estimated as about I8 ~ for phage a and about 2 3 ~ for phage e. This is higher than the values obtained from renaturation studies (see below). The only positive homologies obtained were between phages a and e, and phages c and I, with no significant homology between any of the pairs aI, ac, eI and ec. In addition, no significant homology was obtained between any rhizobiophage and coliphage T4B.
DNA hybridization
Renaturation of DNA fragments
The renaturation of DNA from phages c and I approximates to second-order kinetics when plotted as a function of Co t, but DNA from phages a and e deviates substantially from an ideal second order reaction (Fig. I) . From these data it can be estimated that 13 % of the DNA of phage a and I5 % of the DNA of phage e is rapidly reannealing DNA containing repeated base sequences. Reciprocal plots (Fig. 2) , however, show that all four phage DNAs contain repeated base sequences. Thus, it can be concluded that, while the DNA of phages a and e contains a large proportion of repeated base sequences, such sequences represent only a small proportion of the DNA of phages c and I. The present results do not allow the proportion of repetitious DNA in phages c and I to be quantified. Estimates for the mol. wt. of phages c and I DNA were obtained from the ½ Co ts. The tool. wt. of phages a and e DNA were estimated from the ½ Co ts of the unique sequences, plus a correction for the repeated sequences. The values obtained place phages c and I in the same class as T4, while phages a and e are somewhat smaller (Table 3)-oo viR 24
DISCUSSION
The results obtained in this study confirm the evidence from electron microscopy and antiserum inactivation (Atkins, I973 a) that phages a and e should be placed in one taxonomic group, and phages c and I in another. All four phages contain high mol. wt. DNA which has repeated base sequences. In this context, it can be noted that the genome size of phages c and I is similar to that of the T-even phages (Mathews, I97I) , while the sizes of the phage heads are also similar (Atkins, I973 a) .
It had been assumed, until recently, that virus genomes do not contain repeated base sequences which could be detected by renaturation kinetics (Britten & Kohne, 1968) . Recently, however, renaturation kinetics has been used to show the presence of repeated sequences in the DNA of irridescent virus types 2 and 6 (Kelly & Avery, I974) , in the DNA of bacteriophage T7 (R. J. Avery & D. C. Kelly, unpublished observations), and in the DNA of herpes simplex type 2 (Frenkel et al. ~973) . The results presented here show an unexpectedly large proportion of repeated DNA in phages a and e. The function of such a large proportion of redundant DNA in these viruses is not immediately apparent.
